A visible wide field multispectral system for comprehensive imaging of skin chromophores and blood vessels has been implemented, and an inhomogeneous Monte Carlo model of photon migration with randomly distributed blood vessels embedded in dermis has been developed. Predetermined nonlinear transforms have been obtained to address the nonlinear interdependent relationship among diffusive reflectance spectra, skin physiology properties, and geometry. For validation, in addition to real skin experiments and phantoms experiments, two alternative methods for blood vessel imaging have been used on the same set of subjects to compensate for the lack of ground truth for skin subsurface imaging.
Introduction
Noninvasive optical medical imaging for highly scattering biological tissue such as human skin has been widely studied, and various imaging modalities have been developed. Optical sectioning ability of confocal microscopy has been achieved by detecting the single backscattering at particular depth underneath the skin surface with a spatial filter [1] , and optical coherence tomography utilizes an interferometer for coherent phase detection to achieve depth-resolving power within superficial skin layers [2] . Both methods are able to image the 3D structure of upper layer skin, but they either suffer from limited penetration depth or lack of functional imaging ability, for example, extracting chromophores concentrations. Furthermore, they also have limited fields of view (FOV). Reflectance spectroscopy is another category of noninvasive skin imaging, and various methods have been utilized, such as time-resolved methods [3, 4] , frequency domain methods [5, 6] , steady state spatially resolved methods [7, 8] and pulsed photothermal radiometry [9] , and other spectroscopic methods [10 -20] . However, these previous works either did not quantitatively relate to chromophores, or they used point probes and lacked wide-field imaging ability, or they lacked accuracy using a homogeneous layered skin model.
One of our research goals is to retrieve absolute concentrations of chromophores within superficial skin layers from steady state reflectance spectroscopy. Melanin in the epidermis and hemoglobin in the deeper layer, the dermis, are major chromophores in human skin, and they are closely related to the diagnosis of various skin diseases. Doornbos et al. [10] and Nishidate et al. [11] reported determination of absolute concentration of chromophores using diffusive reflectance spectroscopy, but they both assume a homogeneous multilayer skin model and only have point sampling ability using optical fibers. On the other hand, a few independent studies reveal that hemoglobin concentration obtained by assuming homogeneity may be overestimated due to the fact that blood is tightly constrained in discrete vessels [21, 22] . To assess chromophores' concentrations accurately, it is then natural and necessary to account for the geometry of the blood vessels. Furthermore, the diameter and spatial distribution of blood vessels are crucial for laser treatment of port wine stain [12] [13] [14] [15] and other applications such as blood pressure and body temperature monitoring. Thus, our goal was to estimate diameter and spatial distribution of blood vessels along with the absolute concentrations of chromophores simultaneously from multispectral reflectance measurements.
In this paper we first present a stable, wide-field, multispectral imaging method, which can provide both 2D spatial and spectral information. To better illustrate our method, a flowchart is demonstrated in Fig. 1(a) . The whole process can be divided into three steps: (1) generating training observations by a Monte Carlo model based on preset training optical and geometric parameters of skin; (2) deriving a nonlinearly interdependent mapping between skin parameters and reflectance observations; (3) utilizing the mapping to estimate skin parameters based on real measurements. Furthermore, to obtain an explicit expression for the nonlinear interdependent relationship between reflectance measurements and chromophore concentrations, a correction to the modified Lambert-Beer's law accounting for blood vessel geometry is introduced. Then a nonlinear solver to the inverse problem is developed based on this explicit expression, with a priori knowledge of reflectance for a set of particular skin types with known parameters. Thus inhomogeneous Monte Carlo simulations accounting for the existence of blood vessels have been utilized to obtain a priori reflectance data set. These simulations can readily model the photontissue interactions, but they cannot provide an explicit equation describing the interdependent relation between reflectance and skin properties in a closed form. At this point, a nonlinear transform, achieved from the results of the Monte Carlo model, has been used to determine absolute concentrations of chromospheres from reflectance measurements. At the same time, blood vessel geometry has been derived by the spectral correction model, which accounts for the inhomogeneity within the dermis layer, i.e., blood vessels. Finally, because we lack ground truth about the skin of subjects from real skin experiments, we adopt two alternative blood vessel imaging methods for validation.
Theory
For highly scattering biological tissue like skin, a modified Lambert-Beer's law has to be applied to relate the reflectance spectrum to chromophore concentration by accounting for multiple scattering of photons [19] : (1) where A͑͒ is the absorbance or optical density, R͑͒ is the measured reflectance spectrum, C i is the chromophore concentrations, i is the specific absorption coefficients, l i is the mean path length, and S͑͒ is the scattering loss. There are two difficulties hidden in Eq. (1) . First, the mean path length is nonlinearly dependent on both wavelength and chromophore concentration, and there is no closed form expression in existence yet. However, several nonlinear transform methods based on a Monte Carlo simulation of a uniform multilayer skin model [18] , which successfully solve the cross talk between absorbance, concentrations, and mean path lengths have been reported [15, 19] . Second, in theory, the modified LambertBeer's law is valid only for homogeneous tissue layers, but both types of hemoglobin are constrained in a vascular network in the dermis layer and therefore introduce severe inhomogeneity. Thus a correction model accounting for geometrical properties of blood vessels, such as diameter and depth, has to be considered.
To solve the two difficulties mentioned above simultaneously, and to make the skin model more realistic, first we extended the Monte Carlo model [19] to a two-layer model with uniform melanin distribution in the epidermis and blood vessels randomly distributed in a uniform dermis background. We varied the diameters of blood vessels for different cases and confined them in a virtual blood layer to define an average blood vessel depth as shown in Fig. 1(b) . For simple implementation, the infinite blood cylinders were all aligned in the same direction along the y axis. However, to achieve an equivalent effect to blood vessel axes oriented randomly in 3D space, photon propagation directions were randomized as they first entered the dermis [14] . Furthermore, for each calculation, 10 6 photon packets were launched, and the backscattered photon weights at the top surface were scored to record diffuse reflectance. Also, mul- tiple calculations were carried out with different wavelengths in the visible range to synthesize reflectance spectra.
Second, to correct the discrete blood vessels' influence on the modified Lambert-Beer's law in dermis, we then introduced both diameter and depth correction to Eq. (1):
where s is the oxygen saturation,
is the blood vessel diameter correction factor in which D is the blood vessel's diameter [22] , F depth ͑z, ͒ ϭ exp͑Ϫ dermis ͑͒l bv ͑, z, C Hb , C HbO 2 , C melanin ͒͒ is the blood vessel depth correction factor in which z is the blood vessel's depth, and dermis ͑͒ is the background absorption coefficient in dermis. To account for the photon loss in the effort to reach deeper blood vessels, we have introduced a blood vessel mean path length, l bv , and corresponding depth correction factor, F depth ͑z, ͒. As a rational extension to its counterpart in the modified Lambert-Beer's law, l bv is defined as the mean path length of those photons, which may survive extinction and finally may reach blood vessels located at a depth of z. Thus l bv depends not only on wavelength and depth but also on the chromophores' concentrations in dermis and epidermis. When blood vessels are located deeper underneath the skin's surface, the number of photons which can reach blood vessels may decrease exponentially depending upon the background extinction rate [23] . For those photons either being backscattered to the surface or absorbed in the dermis before reaching a blood vessel, it appears that there were no blood vessels existing in a deeper layer. Then we may determine that the influence of blood vessels on the number of reflected photons would also decrease exponentially, and this decrease depends on the product of scattering coefficient in dermis and blood vessel mean free path length l bv . Putting together all these considerations, we have the correction factor F depth defined above to account for the decreasing influence of the blood vessel, while its depth increases. Furthermore, both correction factors also cross talk with the other unknown variables and have to be included in the nonlinear transform as well.
To resolve the nonlinear cross-talk issue in the corrected modified Lambert-Beer's law, we utilize a classification type process to characterize and parameterize the transform matrix for reconstruction of unknown variables. The process involves generating a series of training predictions of reflectance measurements corresponding to a set of preset skin parameter combinations by a Monte Carlo model. Then a nonlinear regression has been applied to optimize the mapping between skin parameters and reflectance predictions. Once the nonlinear transform matrix of the mapping is established, the inverse problem of estimating skin parameters from actual measurements may be solved easily over a fairly wide range defined by skin parameters used in training sets.
As a preliminary step, we rearrange Eq. (2) in a form that a nonlinear regression could be applied
where the a i 's may be obtained by a LevenbergMarquardt least squares estimation algorithm [24] . Note that the exponential terms in Eq. (3) may introduce instability in the regression procedure. To achieve optimal results, we run the nonlinear regression with random initial states to avoid divergence or falling into local minima for a better global optimization. According to a simple compensation method introduced by Nishidate et al. [15] , unknown parameters of chromophores and blood vessel geometry can be related to a higher-order power of these regression coefficients, a i 's, by a nonlinear transform matrix M,
where the ith column of matrix C is ͓C melanin C Hb , C HbO , D, Z͔ T for the ith training set, the ith column of matrix A ͓1, a 1 , a 2 , . . . , a 5 , a 1 3 , . . . , a 1 a 2 a 3 ͔ i T consists of the zeroth, first, and third order terms of a polynomial of a i 's for the corresponding training set, and N is the number of training sets. Once we achieve a proper M, chromophore concentrations and blood vessel geometry can be obtained by setting N ϭ 1 in Eq. (4) and using a i 's, which are estimated from measurements of reflectance spectra. Then we can calculate the nonlinear transform matrix by three steps: as the first step, a series of Monte Carlo calculations is performed to obtain reflectance spectra for different preset combinations of chromophore concentrations and blood vessel geometries; then, we apply the nonlinear regression based on Eq. (3) to obtain coefficients vector a i 's for each case; finally a robust linear regression based on Eq. (4) is performed to determine the entries of the nonlinear transform matrix M.
Validation
Due to the difficulty of obtaining ground truth for living human skin tissue, we turn to two alternative imaging methods for blood vessel geometry validation. First, a fiber based alternative multispectral imaging system was built. Reflectance spectra were obtained by direct measurement and similar whitedark reference calibration. For blood vessel diameter validation, we then extract the absorption spectrum from the total reflectance spectrum by inversing the equation below [7] :
where R d is total reflectance, aЈ ϭ Ј s ͑͞Ј s ϩ a ͒ is albedo, and A is an internal reflection parameter solely determined by the relative index of refraction of scatter to medium. By using a scattering coefficient spectrum within dermis from the literature [25, 26] , we may approximate the absorption coefficient a ϭ ͓͑1͞aЈ͒ Ϫ 1͔Ј s . Then we can obtain blood vessel diameter by nonlinearly fitting the spectrum to the diameter correction model [20] . Second, to estimate the average depth of blood vessels, instead of assuming homogenous layers, we extend the dualwavelength methods [13, 15] by constructing an inhomogeneous geometry with blood vessels in the layers for Monte Carlo simulations. A similar procedure, as described in the literature [13] , was used to create Fig. 2 , and a fairly wide wavelength range was chosen to cover both visible and near-infrared (NIR) spectrum for common skin imaging practice. A heterogeneous geometry with finer details may provide a more realistic prediction of total reflectance to improve the accuracy of estimation for blood vessels' average depth.
Experiments

A. Wide-Field Imaging System
Our multispectral imaging system employs a quartztungsten-halogen light source (Fostec, DCR II) and a optical fiber bundle coupling to a lens for illumination, an electronically controlled narrow bandpass liquid crystal tunable filter (LCTF) for wavelength selection, and a CCD camera for reflectance image collection as shown in Fig. 3 . Collimated source light passes through a linear polarizer before being delivered onto the specimen, and backscattered light is coupled into the CCD camera by a 25 mm, f͞1.6 lens with wavelength and polarization selected by the LCTF, with a built-in linear polarizer. The LCTF has an 8 nm bandwidth at the selected wavelength, and the transmission is 25%-35% for the range of wavelength from 480 to 720 nm. An 8 bit CCD camera with an effective band of 400-720 nm provides 480 ϫ 640 pixels corresponding to a 33 ϫ 25 mm FOV, or a spatial resolution that is 0.53 mm͞pixel. The overall working band of the system mutually determined by all components is further reduced to 500-700 nm by a lack of blue light from the source. In terms of oximetry methodology, the visible regime is a suitable window that covers two characteristic peaks of oxy-Hb and deoxy-Hb. In contrast, overlaps of water bands and vibrational overtones within the NIR range could make oximetry more complicated [16] . Moreover, specular reflection at the target surface is inherently minimized by the cross-polarized detection scheme with properly adjusted linear polarizers in the optical path. The data acquisition procedure involves three steps, white reference I white calibration by a spectralon target with 99.9% reflectivity, dark current I dark calibration with a blocked camera, and acquisition of a 3D multispectral data cube I. The visible reflectance cube may then be estimated
B. Alternative Imaging System with Fiber Optics
For validation of real skin experiments, the alternative imaging measurements, as mentioned in Section 2, are taken at the same region of a volunteer's forearm. The alternative imaging system using an optical fiber bundle is shown in Fig. 4 , and both blood ves- sel imaging methods are applied to the spectrum obtained. The same quartz-tungsten-halogen light source (Fostec, DCR II) was used, and a bifurcated fiber bundle was inserted to serve as both the illumination and detection path. Only partial backscattered light through detection of the fiber bundle branch was delivered to a spectrometer (Ocean Optics USB2000), and a white reference needs to be imaged for both calibration and obtaining reflectance.
C. Skin Phantom
We have built a two-layered skin phantom as shown in Fig. 5(a) . Several slightly curved plastic microtubes (Small Parts Inc., STT-30, inner diameter (ID) 300 m, outer diameter (OD) 600 m, curved due to packaging) were filled by injecting sheep blood. The plastic tubes have been sealed by quickly melting both ends with an electric iron, and the whole tubing has been embedded in the bottom layer about 900 m deep from the top surface, which is measured by a pinlike probe with a micrometer. Then a coffee solution is mixed within the top layer to simulate a melanin-filled epidermis. Both layers are made of clear jello with 10% polystyrene spheres of radius 0.49 m. Ethylenediamine tetra-acetic acid (EDTA) was used to prevent the sheep blood from clotting, which means the blood was kept in its liquid state during the whole procedure of the experiment. After the sheep blood was sealed into the microtubings, the phantom was prepared within 15 min, which is mainly the time allowed for jello to cool down to its solid state in a refrigerator. Optical properties of components used in Monte Carlo calculations for the phantoms are shown in Fig. 5(b) . As the base material, jello is transparent and has a very low absorption compared to other components. Moreover, polystyrene beads also have negligible absorption and serve as inelastic scattering centers. The mixture of jello and beads has a slowly varying scattering property in the visible range, adjusted to be similar to those values reported in literature [26] . The absorption spectra of the two states of hemoglobin are adopted from literature [26] , and the scattering spectrum of polystyrene beads is calculated by Mie's theory for spheres of the bead's size. Finally, the absorption spectrum of a coffee solution of certain concentration is obtained through a similar procedure described in [11] . The volume fraction of the "pure" coffee solution of the concentration is regarded as 100%, and the volume fraction of coffee solution further diluted for building the phantom may then be defined, which is 80% in the phantom being built.
Experimental Results and Discussion
In Fig. 6 , we demonstrate a Monte Carlo example with typical values of chromophore concentrations (C m ϭ 3.0%, C total,hb ϭ 0.5%, SO 2 ϭ 60%) and blood vessel geometry (D ϭ 60 m, Z ϭ 800 m) extracted from a real skin measurement by our method, in which the calculated spectrum agrees well with the measured spectrum. Then, the phantom experiment was performed before any experiments carried out on real skin. More than ten skin phantoms were built and imaged, but only one typical result was presented here due to their good reproducibility. In Fig. 7(a) , we demonstrate results of reconstructions from measurements in a phantom experiment, and the results have been compared with the ground truth of the phantom with the specification described in Section 4. The relative errors of estimation for blood vessel geometry and coffee volume fraction are less than 10% compared to the known phantom specifications. However, notice that the inverse algorithm has failed in the region with extreme conditions such as zero blood concentration. Since the near-zero value of hemoglobin concentration may introduce singularity to the inverse problem, no significant improvement has been achieved by enforcing regularization to the nonlinear regression. As a consequence, the algorithm tends to give artifacts and unrealistic results in the surrounding area of the microtubings where no blood exists. This may explain the nonuniform distribution of coffee concentration in the image, which is expected to be homogeneous, and the shot-noiselike pattern in the image of average diameters. Fortunately enough, these extreme conditions may not exist in real skin, since the vascular network spans all over the whole volume of the dermis. Also, the inversion algorithm may be improved by increasing the span of hemoglobin concentration in the training session to have better inverse results for the case of low blood content, at the cost of longer simulation time and higher computation expense. Real human skin experiments were also performed on forearms of 13 volunteer subjects [four light skin (Caucasian), seven yellow skin (Asian), two dark skin (African American)], and one among the best five reconstruction results is shown in Fig. 7(b) . Note that the image in Fig. 7(b) is spatially average within each 2 ϫ 2 pixels block for better algorithm stability for real skin images. The percentage volume fractions of melanin and total hemoglobin are within the range of the values published in literature for Asian human skin. For comparison, slight pressure was applied in an immediate neighborhood beyond the top left corner of the imaging area, and we can see a noticeable drop in the volume faction of total hemoglobin within the region. However, inversion algorithm may introduce artifacts in this low-blood-concentration region, where melanin concentration appears higher. In maps of blood vessel's diameter and depth, four small square regions in each map are picked for comparison with the results of alternative imaging methods.
Immediately after spectral images are taken by the CCD system, four marks were made on volunteer subjects' arms, which correspond to the four small regions selected above. Then volunteer subjects were asked to move their arms to the fiber-based spectroscopy imaging system next to the CCD system, and a fiber probe was placed beside the marked positions on subjects' arms to take the spectrometer measurements. The whole experiment procedure usually takes ϳ10 min. Usually, it takes 3-5 min for the CCD to acquire 2D images at wavelengths, but it takes only less than 1 s for the spectrometer to record all wavelengths at a time. Besides, the wavelength switching time for LCTF adds to the total acquisition time for the CCD system. In Fig. 8 , we validate the feasibility of our new imaging modality with the reconstruction results, which are obtained by applying two alternative imaging methods mentioned in Section 2 at several different locations. We can see that the results agree reasonably well with those obtained by our comprehensive reconstruction method. We have also applied these methods on images of different volunteer subjects who have very light or very dark skin. The results from lighter skin are similar to the results shown in Fig. 8, except for the lower value of melanin concentration. However, dark skin gives unreasonable results by our method, and the explanation is that high melanin concentration in dark skin significantly reduces backscatted light, and the detector's lower limit of dynamic range may be reached. We also need to mention that the nonlinear transform matrix M may need to be estimated separately for different skin types or phantoms with various geometries, which is a drawback of these kinds of nonlinear transform methods [15] . However, for similar skin types, the matrix M can be calculated only once, and a fast nonlinear reconstruction of skin chromophore concentration and blood vessel geometry may be achieved for real skin imaging.
Summary
Phantom and real skin experiments using a visible wide-field multispectral system have demonstrated the potential of this system for comprehensive skin imaging of chromophores and blood vessels. By applying an inhomogeneous Monte Carlo model of photon migration with randomly distributed blood vessels embedded in dermis, we achieved reasonable reconstruction for skin properties of physiology and geometry. For similar skin types, a predetermined transform matrix can be used for fast reconstruction in practical applications.
